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CHAPTER 1
INTRODUCTION

The laser Doppler Anemometer (LDA) has become a valuable tool
for experimental investigations in fluid mechanics since it can measure
the direction and magnitude of the wvelocity accurately and
nonintrusively. Today there are commercial pointwise LDA systems
available with specially-designed slow-moving traversing mechanisms to
obtain complete flow pattern in large wind tunnels. That means
for each spatial location the experiment has to be repeated. Scanning
LDA systems are needed for two reasons. First, having almost
“instantaneous" velocity profiles, one can investigate the flow
structure. Secondly, scanning LDA speeds up the acquisition of velocity
information in at least one direction.

This thesis 1is concerned with the development of the Scanning
Laser Doppler Anemometer (SLDA) and demonstration of its usefulness in a
turbulent separated flow region.

1.1 Previous Work:

There have been a few scanning LDA systems designed and used in
the past. The ones known to the author will be discussed here.

In 1971 a scanning LDA system was described by Bendick (1971) in
which he used a\translationa]]y oscillating mirror as the heart of his

design. This system was used for instantaneous velocity measurements in

steady and pulsating water flow in a glass tube of 6mm I. D. with scan

\ s R EHE -
Lot L R Mt sh -




speed of approximately 0.4 m/sec. The proper operation of this design
at high scan speeds and large scan ranges 1is doubtful because of
inertial considerations.

In 1973, a two-color dual-beam backscatter scanning LDA system
was reported by Grant and Orloff (1973). The scan was accomplished by
translating a lens in the direction of the optical axis which caused the
measurement volume to move in that same direction. Scan ranges from
60cm to 200cm with variable scan rates from less than 1 cm/sec to
maximum of 1.5 m/sec reported to have been achieved. In later reports,
this system was employed to investigate periodic flow around a
helicopter blade as it passed some fixed azmuthal angle using a mineral
0il smoke generator for seeding purposes. Because of low data rates,
measurements of instantaneous velocity profiles were not possible, and
many scans were needed to represent a plot of mean velocity with a
counter type processor. There were no attempts to represent turbulent
velocity fluctuations, and fast scan rates were presumably difficult in
this translational system. For more information concerning the
application of this design, see Orloff and Biggers (1974) and Orloff
et al. (1975).

In 1976 a design description of a backscattered scanning system
was reported by Rhodes (1976) in which the scan range of 30cm and a scan
frequency of 30 Hz were reported. Measurements of flow velocities at 16
discrete positions along the optical axis were made using a Tlarge
rotating wheel containing 16 ports, 15 of which held glass plates of
different thickness. The resident time at each position is 2 msec.
This scanning system was used to investigate the flow behind the airfoil

using kerosine smoke particles as seeding materia)l with a measurement




volume dimension of 0.2 mm diameter and 1.3 cm length, A counter type
processor was used to find the mean velocity for each scarn. For more
information, see Gartrell and Jordan (1977), and Meyers (1979).

A new optical system was reported in 1978 by Nakatani et al.
(1978) which is capable of making true instantaneous velocity profiles.
In contrast to all previous designs, there is no moving or scanning
device. Spherical lenses are used to increase the beam diameter of the
two horizontal incident laser beams. After passing through a converging
cylindrical lens, these intersecting beams form a vertical measurement
volume along a straight line. The scattered light from this vertical
.measurement volume is received by a series of optical fibers connected
to individual photo-detectors, each collecting data simultaneously from
different positions of the measurement vo]ume.' Measurements of unsteady
flow in a branch tube of rectangular cross-section (2 mm x 10 mm) has
been reported in their paper. The results clearly demonstrate the
proper operation of this design for small tubes, but instantaneous
velocity profiles in a large tunnel, using this design, is expensive and
not practical.

Durst et al. (1981) in their scanning system used a rotationally
oscillating mirror to scan the measurement volume perpendicular to the
optical axis of the transmitting optics. The image of the measurement
volume for all the positions fall on one physical point on the
photomultiplier (PM-tube). The position transducer as well as PM-tube
signals were simultaneously digitized by a two-channel transient
recorder, which was triggered only when a Doppler burst was present.
The mean and rms velocity profiles via this scanning system were

compared with the pointwise measurements and the conclusion was due




to resonance difficulties of the scanner mirror scan frequencies were
limited to about 15 Hz. As the system is designed, the measurement
volume scans an arc instead of a straight line, and for a given scanner
mirror, fringe spacing cannot be varied.

1.2 Objective of the Thesis

Although the scanning laser doppler anemometer has various
useful applications, the entire work here was motivated by the fact that
in a separated flow region instantaneous velocity gradients are sub-
stantially different from the mean velocity gradients. Mixing length
and eddy viscosity models fail in this region (Simpson et al., 1981).

Mean velocity and turbulence profiles have already been mea-
sured, but no satisfactory model for the backflow has emerged.
(Simpson, 1983). If an almost instantaneous velocity profile could be
obtained, then more detailed features of the nature of the backflow
would be revealed.

With current technology, it is not easy to determine purely
instantaneous profiles unless a Targe number of LDA systems are used
simultaneously. Therefore, the objectives of the present work are as
follows:

1. Development of a rapid scanning LDA system capable of scanning
at least 40 cm or longer at high frequencies.

2. Demonstration of the proper operation of the above design and
its usefulness in the separated flow occurring in the SMU wind

tunnel.
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1.3 _Outline of Thesis

Chapter 2 describes the geometry and dimensions of the wind
tunnel as well as the details of the solid particle feeder employed for
flow seeding in the tunnel. The conical manifold used for uniform flow
seeding is also described in this chapter.

Chapter 3 deals with the design of the new scanning LDA. The
companents of the transmitting and receiving optics are explained in
conjunction with a discussion of a non-dimensional parameter
representing the number of fringes crossed by a particle in this
scanning system., Analysis of the velocity biasing is also mentioned.

Chapter 4 is devoted to the detailed description of the data
acquisition and processing procedures and logics. Position and velocity
uncertainty analysis as well as the methods used for testing the entire
system are also explained here.

Chapter 5 gives the experimental results taken in a separating
turbulent boundary layer occuring in the SMU wind tunnel. The first set
of results is for demonstrating the proper operation of this new design,
and the system is used to map out the flow in the tunnel to further
reinforce its capabilities. Later in this chapter, space-time
correlation coefficients taken for the first time in a separated flow
are shown and discussed with the hope of acquiring some more insight to
the flow structure. The suggestions for further improvements and

conclusions are mentioned at the last part of this chapter.
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CHAPTER 11
EXPERIMENTAL APPARATUS

2.1 Basic Wind Tunnel

The mainstream flow of the blown open-circuit wind tunnel is
introduced into the test section after first passing through a filter,
blower, a fixed-setting damper, a plenum, a section of honeycomb to
remove the mean swirl of the flow, seven screens to remove much of the
turbulence intensity and finally through a two-dimensional 4:1
contraction ratio nozzle further to reduce the longitudinal turbulence
intensity while accelerating the flow to test speed.

The upper wall is adjustable so that the free-stream velocity or
pressure gradient can be adjusted. The side walls are made of float
glass. The test wall is constructed from 1.9 cm thick fin-form plywood,
reinforced every 28 cm with 7.6 x 3.8 x .6 cm cross-section steel
channel. Figure 2.1 is a side-view schematic diagram of the 7.62 m
long, .91 m wide test section of the wind tunnel.

The active boundary-layer control system, which is described by
Simpson, Chew, and Shivaprasad (1980), is used to eliminate preferential
separation of the curved-top-wall boundary layer. Highly
two-dimensional wall jets of high-velocity air are introduced at the
beginning of each of the .20 m long sections. At the Jlatter two
streamwise locations the oncoming boundary layer is partially removed by

a highly two-dimensional suction system,
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The inviscid core flow is uniform within 0.05% in the spanwise
direction and within 1% in the vertical direction with a turbulence
intensity of 0.1% at 20.9 m/sec. Figure 2.2 shows the free-stream
velocity distribution obtained along the tunnel center-line using the
single-wire probe.

2.2 Solid particle Seeder

The choice of the particle seeder explained in this section is
based on a series of exhaustive experiments conducted on the entire
system including SMU wind tunnel and counter type processor for data
acquisition. (See Chapter IV)

Adrian et al. (1975) showgd that a signal with at least 45dB
signal-to-noise ratio (SNR) was required for results not prejudiced by
the counter processor settings. Since determiqation of SNR practically,
if not impossible, is not easy for all seeding agents, a more realistic
approach was used to find the "proper" seeding material in this work.
Here, "proper" means that the particles are faithfully following the
flow and the 45 dB SNR criterion for counter processor is fulfilled.

To find the appropriate seeding material for this work, the
results (mean and RMS of velocity) for the pointwise velocity
measurements taken with the scanning set up (explained in Chapter 3), at
a given-fixed streamwise position, were compared with the known
established results (reference velocity profiles) measured with

different arrangement at that same location (Simpson, 1978).
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2.2.1 Seeding Techniques Examined

The aerosol generator at SMU was based on the design proposed by
Echols and Young (1963) using dioctyl phthalate (DOP) as seeding
material. A series of experiments using this aerosol generator with
scanning LDA arrangement, operated in pointwise mode, did not give
satisfactory results. It was suspected that too many sub-micron DOP
particles were present and were producing much signal noise with a
fringe spacing of 3.3 um.

A series of detailed tests on this DOP aerosol particle
generator were performed at the University of Arkansas by the group
headed by Professor M. K. Mazumder using the SPART aerosol analyser
(Mazumder. et al. 1979). These tests confirmed the suspected factor
since only 30% of the particles were ever grea?er than 1 um. In a chain
of experihents a technique proposed by Seegmiller (1982) which uses
Paasche HS #5 air-brush with a mixture of 2 liters of denatured meth-
anol, 100cc of warm water, and 10cc polylatex spheres was examined.

Air brushes were used in various streamwise locations, Jjust
upstream of the leading edge of the test wall of the tunnel and upstream
of the contraction, and at different injecting angles with respect to
the floor of the tunnel. No "satisfactory" results were obtained with
the scanning LDA, operated in pcintwise mode having 3.3 um fringe
spacing, in comparison with the reference velocity profiles.

Various powders were used with the existing particle seeder, ex-
plained in the next section; and, finally, it was found that the baby
powder produced relatively ‘'satisfactory' results. The estimated "

density of the baby powder is about 0.8 g/cm?® which is almost 650 times
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that of air. The particle diameter is also estimated to be in the order
of few microns (<10 pm). Hjelmfet and Mockros (1966) showed that, for
the case where the ratio of the seed density to fluid is about 1000;
particles with 7 um diameter will give frequency response up to 812 Hz.
This 1imiting frequency increases with decrease in particle diameter and
when density ratio approaches one.

2.2.2 Details of the Seeder Design

The solid particle seeder built at SMU is similar in design to
the Opto-Elektronische Instrumente (Karlsruhe, Germany) (OEI) Model 101
solid particle seeder which uses baby powder having particles greater
than 1 um.

Air passes through a Sears air line filter-regulator Model No.
282-160232, and into the seeder housing. It js important that the air
be dried fo prevent additional agglomeration of baby pcw¢:-~ parii¢ites.

The schematic of the seeder is shown in Fig. 2.3. The outlet of
the housing is made to contract gradually. The inside corners are
filled with sealing foam to streamline the interior surface and thus
prevent baby powder from piling up in the housing. One side of the
housing is made of plexiglas which enablies one to inspect the inside
during operation. The inside of the box is accessible via a sealed top
1id. The box pressure can be increased up to 1 psig without significant
leakage.

A 1/4 HP, 1725 RPM, single phase AC motor is used to rotate the
shaft inside the housing via a 1 to 1 pully mechanism. Four 15.2 cm
diameter, fine Sears wire wheels (Model No. 9HT64824) are mounted on the

shaft inside the box which 1is being supported by two self aligned

3
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Fig. 2.3 Schematic of the Solid Particle Seeder.
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bearings outside the housing and are fixed to the particle seeder frame.
The two side holes of the box, from which the shaft passes through, are
sealed by two rubber flat plates having a hole size equal to that of the
shaft 0.D. on each of them and are mounted with two collars on each side
to reinforce the sealing due to higher inside pressure of the housing.

The baby powder is pushed up inside the housing by an aluminum
piston of 4.78 cm diameter, 30.73 cm length, and is scraped by wi.e
wheels inside. A variable DC motor, to control the seeding rate, with
calibrated tachometer and 2 to 1, 90° speed reducer rotates a 10:1 worm
gear system which in turn translates a lead screw vertically upward.
This 1ead‘ screw pushes the piston inside the cylinder to feed the
housing with the power (Figs. 2.4 and 2.5).

Air flow rate through particle seeder is measured via a Dwyer
Rotometef up to 4 m3/hr and is directed towards the wire wheels. The
tip velocity of wire brushes is approximately 4 m/sec, which is much
higher than the maximum jet speed of 0.3 m/sec.

The outlet of the housing is directed to the conical manifold
which is described in the next section. The qualitative response of the
seeder, using counter processor, is shown in Fig. 2.6. The estimated
average concentration of the baby powder is 33 mg/m3 and it takes about
10 - 15 minutes to reach its almost steady state condition.

2.3 Conical Manifold for Particle Distribution

It is important to seed the flow 1in the wind tunnel (for
measurement purposes) as uniformly as possible so as to minimize its

effects on two-dimensional character of the boundary layer. The powder

TSN




Fig. 2.4 Upper Section of the Solid Particle Seeder.
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Fig. 2.5 Lower Section of the Solid Particle Seeder.

Worm and worm gear arrengement, lead screw,
and piston are shown.

15
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is distributed evenly and injected upward inside the wind tunnel by 32
equally spaced holes of about 4mm in diameter just upstream of the
leading edge of the test wall boundary layer. The basic ideas behind
the conical manifold are to construct the flow paths for all of the 32
injection holes equal in length, and to eliminate stagnation points.
This provides equal tube resistances and consequently equal flow rates
through each of the injection parts.

The manifold 1is conical in shape and consists of thirty-two,
1/4-inch copper tubes inside (Fig. 2.7). The spacings between the tubes
are filled with sealing foam to let the powder flow only through the
tubes. The end of the copper tubes are connected to the injection ports

via plastic tubes.

i b




Fig. 2.7 Conical Manifold(arrow) for Introducing Seeded
Air into Test Section.
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CHAPTER TI1
INSTRUMENTATION

3.1 THEORY OF OPERATION:

The basic principle of laser doppler velocimetry is shown in
Fig. 3.1. The laser beam is split into the two equal intensity beams
that are made to intersect each other at the measurement position. The
intersecting beams form "stationary" interference fringes inside an
ellipsoidal measurement volume at the focal plane of the lens. To have
parallel fringes, the intersection point should occur at the waist of
each beam since this is the location where plane wave fronts exit (Durst
et al., 1976).

The fringe pattern consists of dark and bright regions of equal
spacing. The spacing, Ax, is given by:

A (3.1)

AX _—_—
2 sin (8/2)

Where 8/2 is the half angle between the intersecting beams and A
is the wavelength of the laser light.

If a particle (1 to 4 micron diameter) passes through the
measurement volume, as it is shown in Fig. 3.1, it will scatter light
which can be detected with a photo detector. The Doppler frequency

(Durst et al., 1976) of the scattered light is proportional to the
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particle velocity which is given by:

2V 4 672 (3.2)
__7;___

In which |U] is the absolute value of the instantaneous velocity com-
ponent of the particle in the direction perpendicular to the optical
axis (Fig. 3.1).

There are various time and frequency domain instruments used for
measurement of Doppler frequency from which the velocity of the sus-
pended particles in one particular direction can be calculated.

Seeding the flow with the so-called "right" material is one of
the important factors in 1laser.Doppler anemometry. From a fluid
mechanic point of view, one must insure that the particles are faith-
fully following the flow. This in turn means that the density of the
particles should be as close as possible to that of the fiowing fluid.
The shape, size, and concentration of the particles are also determining
factors for their motion,

The system described above is not directionally sensitive; in
other words, particles moving perpendicular to the optical axis having
the same speed will have the same Doppler frequency. To obtain velocity
directionality, an acousto-optic modulator called the Bragg cell,
(described in section 3.2.2) is used to modulate the incoming laser
beam.

The signal-to-noise (SNR) ratio of the signal output of the
photo detector is closely related to the ratio of the particle size to
fringe spacing. It is worth mentioning that the particle size normally
refers to the mean particle size for a poly-dispersed distribution. The
recommended ratio should be chosen in the order of one half. Other

factors influencing SNR are: Laser power, relative intensities of the




wo light bzems, alignacnt of the wrensmitting oprics, 1ight collecting
system, and clean optics.

fnother factor worth mariioning is particle céncentration. If
there is more than one particle at & time inside the reasurement volume,
constructive or destructive superposition of the scettered lights and
consequently of electrical detected signals can occur (Durst et al.
197¢).

3.2 Transmitting Optics

Figure 3.2 shows a schematic diagram of the transmitting optics
looking from above. An Argon Ior, E-watt, Spectra Physics, Model 104
Laser with 514.5 nm wavelength is used as a source of the coherent,
vertically polarized Tight for velocity measurements. The Laser beam is
passed through the lens combination (L1 and }2) to decrease its beam
diameter ét the measruement volume, and is split and frequency shifted
by a Bragg cell to make the system directionally sensitive. The
outcoming beams from the Bragg cell are directed fowards a rotationally
oscillating scanner mirror (SM) by a small mirror Ml. The beams are
then reflected to the last-stage mirrors (M5-M7) by a long and fixed
mirror M3. Measurement volume moves perpendicular to the plane of Fig.
3.2 as scanner mirror, SM, oscillates.

Requirements for the components in the transmitting optics are
discussed below.

2.2.1  Lens and Mirrors

A finer spatial resolution and bLetter fringe visibility are
usually achieved by making the iscasurement volume as small as possible.
In this work, there is a minimum 1imit for the beam diareter at the

ncasurement point.  This Tiimit is practically determired by the flatness

SR A Ao R




Fig. 3.2 Schematic of Transmitting Optics.
See Table 3.1 for more details.
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Table 3.1

Characteristic Dimensions of the
Transmitting and Receiving Optics

24

Components Parameter Value
Mirrors M3-M6 length 254 mm
Lens L1 focal length 55 mm
Lens L2 focal length 100 mm
distance between
L1 and L2 160 mm
Bragg Cell BC transducer diameter 25 mm
transducer frequency 15.2 MHz
Scanner Mirror SM size 26 mm x 39 mm
vertical dimension of
measurement volumé 2 mm
fringe spacing *3.1 um
angie between intersecting
beams 9.5°
distance from Laser to the
measurement volume 3708 mm
Cylindrical Lens CL1 focal Tength 300 mm

Cylindrical Lens CL2

Mirror M8
Stit

size

distance from
measurement vol
to CL1

focal length
size

distance between
distance between

size
width
length

ume

Cl &C1
CL2 & PM tube

60 mm x 200 mm

663 mm

86 mm
57 mm x 60 mm
546 mm
102 mm

51 mm x 381 mm
1.5 mm
25.4 mm
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of the mirrors used.

Two circular positive lenses are used after the laser to
decrease the beams’ diameters at the measurement position down to 2mm.
The estimate of the beam diameter is determined by intercepting the beam
with a white paper at the measurement point, and then measuring the
diameter of the circular boundary of the bright spot on the paper as
observed by a special laser goggle.

The quatity of the mirrors is one important factor in this
scanning system. For instance, scratches on the mirror could increase
the noise level and therefore reduce the SNR. A Tong and flat front
surface mirror, which is aluminized on the surface nearest the object to
be viewed, is used so that light reflects from this near surface with no
refraction. Mirrors M3 - M7 are also made of this quality (Fig. 3.2)
and are hounted on aluminum angles. The process of attaching the
mirrors to the angles and the technical difficulties observed will be
discussed later in this section.

The last-stage mirrors consist of one mount with two mirrors
(named square mirror), M4 and M5, and two independent mirrors, M6 and
M7. They are all mounted on a separate optical table which is fixed to
th- traversing table (Fig. 3.4). For ease of alignment, mirrors M6 and
M7 are each mounted on a two-point mirror holder that can rotate the
mirror around vertical and horizontal axes. The square mirror has three
translational and one rotational degrees of freedom which make the
alignment process easy to accomplish.

The purpose of these last-stage mirrors is to enable one to vary
the fringe spacing, see equation 2.1, so as to obtain the best SNR for

the seeding used here. The mirrors M3 to M7 should be long enough to
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cover the desired range of movements of the measurement volume.

It is not difficult to see that when the scanning ranges of the
two beams are equal in length on the paper target, located exactly at
the position of the measurement volume, then the paths travelled by the
two beams are equal for any position of scanning (path length
equalization for LDA system). In fact, this is one of the advantages of
this design since for 90% of the cases the beams can be aligned to scan
the same length by only adjusting the mirrors M6 and M7.

The main difficulty with this system was observed when the two
beams (reflecting from mirrors M6 and M7) were aligned to cross at the
measurement point. One should insure that these two laser beams inter-
sect with each other and are perfectly aligned at any arbitrary posi-
tion within the scan range (after the path length equalization described
above has.been accomplished}. For a simple alignment check, the system
was set on manual scanning mode, and it was observed that the two
"spots" on a paper target (located at the measurement point) were not
aligned properly as shown in Fig. 3.5(b). This caused significant SNR
reduction. In search of the cause of this problem, flatness of the
mirrors was suspected. Therefore, some reliable flatness test was
needed. For a simple flatness test, a horizontal Tlaser beam was
reflected from various points on each mirror to a graph paper target a
long distance away as the mirror mount was precisely traversed in a
vertical direction and the beam displacement was observed at position
(B) as it is shown in Fig. 3.6.

Since silicone glue was originally used to attach the mirrors to
the angles, this technique was thought to disturb the beams' alignment.
Figure 3.7 shows results of flatness tests conducted on two mirrors

before and after gluing. As can be seen, the unit vector normal to the
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O ®©® O

(a) (b) (c)

Fig. 3.5 Alignement of two Intersecting Beams as Observed

on a Paper Target lLocated at the Measurement Volume
Position.

(a) Beams are separated.
(b) Beams overlap.
(c) Perfect alianement.

Fig. 3.6 Optical Arrangement for Mirror Flatness
(Surface Curvature) Test.
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surface of the mirror M6 changes drastically as one scans using this
mirror, This important problem was solved by suspending the mirrors
from the top to the aluminum angles, using a simple adhesive tape, which
also eliminates any changes in flatness due to temperature varijation.
The results of flatness test conducted on the existing mirrors are shown
in Fig. 3.8.

As this system is designed, the measurement volume scans a line
rather than a curve; and the variation of the fringe spacing is at most
.8% of the fringe spacing measured when the two intersecting beams are
in the horizontal plane, which was found to be immaterial for all
practical purposes.

3.2.2 Bragg Cell

The Bragg cell works on phenomena known as Debye-Sears effect
and Bragg.reflection. Basically, if light enters a material with an
index of refraction of n, there will be a phase shift occurring on the
outcoming light from the material which depends on the propagation
constant and the length of material. If this n can be changed sinuso-
idally with some frequency, fm, then the outcoming 1ight would be phase
modulated at fm (Debye-Sears effect).

Debye-Sears effect in Bragg cell is observed by using a trans-
ducer vibrating at high frequency in a cavity containing distilled water
(this creates a variable index of refraction, Fig. 3.9). The incoming
laser light is frequently shifted as it leaves the Bragg cell. The
power to each of the side band frequencies can be changed by rotating
the Bragg cell around the axis normal to the paper in Fig. 3.9 (Bragg

reflection).
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Fig. 3.9 The Debye-Sears Effect.
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The Bragg cell transducer used in the present system has a
nominal frequency of 5.042 MHz and is polished for the third overtone.
It is important to drive it at the natural frequency so that maximum
input power can be absorbed and the gold-plated surface of the
transducer will not peel off. The natural frequency of the transducer
was measured to be 5.067 MHz.

The driver unit of the Bragg cell transducer consists of
Heathkit C. B. radio transmitter, Model DX-60, having a crystal
oscillator of 7.600 MHz. It amplifies the second harmonic to give
15.200 MHz output. The output of the transmitter was matched to the
input impedance of the transducer via an L-C circuit to prevent power
reflection back to the transmitter.

Using Bragg cell, one can achieve directional sensitivity for a
LDA systeﬁ. In the present system the first order frequency shifted and
unshifted beams are used as intersecting beams. These two beams create
a fringe pattern that looks as though it were moving with velocity equal
to ax. fm' Here, fm is the transducer frequency, and Ax is fringe
spacing.

In the existing system fringes are moving downstream so that the

modified equation for the Doppler frequency is:

f = fm - (2U/)) sin 8/2 (3.3)

Where fm is Bragg frequency, U is the instantaneous velocity normal to
the optical axis of the system (U > 0O for forward flow and U < 0 for
blackflow). The Bragg cell is covered by an aluminum housing to prevent

rf - radiation leakage to the signal processing electronics.
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3.2.3 Scanner:

The heart of the scanning LDA is a G300PDT scanner from General
Scanning Inc. which causes the measurement volume to scan through the
boundary layer in the test section. The G300PDT optical scanner is a
moving iron galvanometer with a position transducer designed
specifically for closed-loop operation. The excursion range is up to 25
degrees of mirror rotation (corresponding to 50 degrees of optical scan-
ning). The position transducer operates by detection of capacitance
variation between the rotating armature and a set of stationary
electrodes,

Shaft wobble is typically be{ow five arc-seconds. The
transducer linearity exceeds * 0.15% of the working excursion; the SNR
affords a resolution of one second of arc; and the signal response time
is 10 nséc.

The CCX102 controller is a servo control driver amplifiers and
includes a stepless DC heater control to regulate the temperature of
G300PDT scanner (equipped with a thermister and an adhesive-bonded
electrical heater).

Commercial grade scanner mirror, part # MIi-3226-39, with
thickness of 3.2mm and dimension of 26mm x 39mm, has ALSi0 coating
(aluminum front surface over coated with silicon monoxide) and is flat
to one wavelength per centimeter.

Since the signal processing described in Chapter IV depends on
the Tlinearity of the ramp section of the scanner internal sawtooth
generator (which drives the scanner mirror), a test is condu:ted to

examine its behavior. The scanner control has an output voltage which
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should be linearly proportional to the angular position of its mirror
and consequently to measurement volume position. A sewing needle is
used to reflect the light when the measurement volume passes the
location of this needle, and a photomultiplier with a pinhole detects
this light. The output of the PM-tube is a pulse which occurs at the
time when the measurement volume crosses the needle. The pulse width
depends on the speed of the scanning as well as the needle diameter,
Fig. 3.10.

The position-voltage output of the scanner control unit and the
output of the PM-tube are fed into a sample-and-hold circuit to sample
. and hold the position voltage when the measurement volume crosses the
needle (see Fig. 3.10). The position of the needle with respect to some
reference level is accurately determined by a cathetometer.

F{gure 3.12 shows the scanner position voltage output signal
versus position of the measurement volume {needle) for two different
frequencies. The correlation coefficient for the least square fit was
found to be about .999956, which shows the degree of linearity of the
waveform. A convenient calibration technique using an HP 98258 computer
was used in practice which is described in Chapter IV.

The scanner drift was determined by an experiment to be
approximately 0.0002 volts/min, and its effects on the calibration curve

are practically negligible.
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SIDE VIEW NEEDLE

J/
Tunnel Floor

e

TOP VIEW

SAMPLE&HOLD DVM

JU e il
SCANNER
) * CONTROL
PM-TUBE \

CATHETOMETER

Fig. 3.10 Arrangement for Testing the Linearity
: of the Scanner. '

SAMPLED
VOLTAGE

Fig. 3.11 Output of the PM-Tube and Scanner Position
Yoltage Signal as Observed on a Dual Channel Scope.
Mote the voltage sampled by Sample&Hold in Fig. 3.10.
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3.3 Receiving optics

The main idea in the design of the receiving optics is to enable
one to detect the scattered signal from the seed particles for any
position of the measurement volume throughout the scan range.

Since there 1is access to a forward-scattering signal on the
opposite side of the wind tunnel, and the design is such that no
simultaneous movement of incident and receiving optics is required,
there is no advantage in working with back scattered signal. Figure
3.13 shows the receiving optics arrangement. The assembly ijs isolated

optically inside a black box having a side door for any adjustment.

3.3.1 Schematic diagram and description

Scattered light enters into the box through four cylindrical
lens (CL1), 50 mm x 60 mm, having a focal length of 300 mm. Thk2 choice
of this foca] length was based on the facts that the distance between
the center line of the tunnel to the side wall, where the scattered
light is gathered, is approximately 457 mm, and the enlargement of the
image of the measurement volume in the streamwise direction on the
PM-tube was desired.

To make the 1length of the receiving optics as compact as
possible, a long and wide front surface mirror, M8, of the same quality
as mentioned for transmitting optics was used to direct the scattered
1ight downward.

The purpose of the second cylindrical lense (CL2), 57 mm x 60 mm
and focal length of 86 mm, is to construct the image of the measurement
volume on the PM-tube for any positions of scanning. A 5 cm long
adjustable s1it is made of two pieces of 0.005 inch thick shim stock to

gather signal from a portion of the measurement volume.

L AR L
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Fig. 3.13 Cylindrical Lens Configuration Schematic
Diagram.
See Table 3.1.
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Mirror M8, second cylindrical lens (CL2), and PM-tube are all
mounted on a rack such that they can be moved in the directions shown in
Fig. 3.13. There are two long slots on the rack so that the holders
can be fixed at any vertical position desired. To have additional
flexibility of alignment, the rack itseif can be moved horizontally.
The first cylindrical lens, CL1l, is mounted on a small channel and its
position is also adjustable. The receiving optics arrangement in all of
the experiments reported here was off-axis, downstream by approximately
25 degrees.

Figure 3.14 shows the ray tracing for the receiving cylindrical
lenses. Since the second cy]indrica] lens only works in a vertical
plane one can use a simple lens equation.

1 1 1
o

Z+X1 Xé f2

(3.4)

Where Z is the distance between two cylindrical lenses, X1 and Xé are
the distances from the measurement volume to the first cylindrical lens
and from second lens to the PM-tube respectively, and f2 is the focal
lens of the second lens (CL2).

The ratio of the vertical scan range to the image length on the
stit is:

0,/1¢ = (Z + X{)/X5 (3.5)

From (3.4) and (3.5), one has:

Xy +2=1+(0,/1.)f (3.6)
1 f72

1

X, = 1+ (1/0))f, (3.7)

e e . S
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Fig. 3.14 Ray Paths for the Receiving Optics.
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Fig. 3.15 The Receiving Optics Assembly inside of the
Black Box.
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Using the same lens equation for the first cylindrical lens
which works in horizontal plane:

1 1 1
— 4 - = (3.8)
N f
In which Xi is the distance from CL1 to the PM-tube and f1 is its focal
Tength. From (3.8) finding Xi which is equal to Z + Xé:
N (3.9)
Z+ X2 TX, -,
1 1

From (3.6), (3.7) and (3.9) one can easily derive an algebraic equation

which determines X1 for any choices of 01/1f ratio and f2:

X)) = Xy o+ (FX)/(XF)) = {2+ (0)/1¢ + 1/0))1 f, =0 (3.10)

Using equation 3.10, one can select the lenses considering the
following restrictions:

1. Since the photo sensitive front surface of the PM tube
is almost 50 mm in diameter and the image of the scan
range, If, is preferred to fall on the central region
of this surface; thus, the image length was decided to
be approximately 30 mm,

2. Since the maximum boundary layer thickness in the test
section is roughly 330 mm, the maximum scan length,
(01), was chosen to be 381 mm.

3. The distance from the measurement volume to the first
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cylindrical length, Xl’ should be approximately
greater than 45/mm and less than 558mm, since the half
spanwise width of the tunnel is about 457 mm.

Using the design equation (3.10) with f1 = 300 mm, O1 = 381 mm
and If = 30 mm, one could determine the focal length of the second
cylindrical lens of approximately f2 = 86 mm for X1 = 485 mm,

Furthermore, the ratio of the thickness of the image, d', to the
streamwise dimension of the measurement volume would be about 1.62,
allowing easy adjustment of the slit width for the best signals. The
width of the first cylindrical lens determines the solid angle from
which Tight is collected and should be matched with the width of the
second lens.

The second cylindrical lens should be wide enough to gather all
the scatfered 1ight that is passed throughout the entire length of the
first one. The existing width of the second cylindrical lens is 57 nmm,
which was found to be adequate (see Fig. 3.14).

3.3.2 Other Alternatives examined for Receiving Optics.

The decision on the design explained in section 3.2 was made
based on examining other various designs of which two are worth mention-
ing:

In one design a circular lens was employed to construct the
image of the probe volume, for all the positions of scanring, on a long
vertical slit behind which the central region of a fresnel lens wes used
to project the final image on the PM-tube. It was found that this final
jmage was circular in shape for all scan positions. It is worth men-
tioning that the central strip of the fresnel lens works basically as a

very wide cylindrical lens.

’ T "“%}')*&;{ n”ff‘)iﬁ -
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The advantage of this design is that it allows one to use a
large circular lens to collect more scattered light; disadvantages are
the poor quality of the fresnel lens, large bulky set up, and poor
signal-to-noise ratio at the ends of scanning.

In another design a circular lens was used to construct the
image of the measurement volume, for all the positions of scanning, on a
short slit fixed in front of the PM-tube surface. The problem of poor
SNR on the scan extremes has been solved by this design, but the image
on the PM-tube was very narrow and consequently very sensitive to the
s1it width. The only advantages of this design are the compactness of
the system and the use of a circular lens.

The decision on the final design used in this work was made on
the SNR observed by spectrum analyzer (using DOP), and the fact that the
counter type processor needs high SNR to give any faithful readings
(Adrian et al. 1975).

3.4 Fringe Analysis for Scanning LDA

A simple equation can be derived to represent the number of
fringes crossed by a particle as it enters the measurement volume. Tha
analysis s based on the assumption that the probe volume is
two-dimensional and circular in shape, and the particle motion is domin-

ated by its streamwise velocity U In a directionally sensitive LDA

PX*
system the fringe pattern is moving with velocity of:

U, = ax . f (3.11)
In which fm is the Bragg cell transducer frequency and ax is fringe

spacing. In the system employed for this work, fringes move in the

streamwise direction as shown in Fig. 3.16. Here, the relative velocity

. e w AR
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Fig. 3.16 Number of Fringes Crossed by a Particle
as a Function of Uf/\4s and U /Ng from
Equ. 3.13.

Arrows on each curve show the extremes
of the U /Vg ratio at the streamwise
location of 436.9 cm.
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of a particle with respect to the measurement volume, Ur’ is referred to
when the probe volume scans away from the bottom wall of the wind tunnel
only. Hence, the time needed for a particle to travel one fringe
spacing entering from the position angle of ¢ with the streamwise

velocity of UPX is:

aX (3.12)

U -u

px~ fl

In which the negative value for UPX represents the backflow situation.

The resident time for the particle in the probe volume is (Fig. 3.16):

d cos (& + ¢-m) (3.13)

]
r (Upx * Ve

| &

==

Where VS .is the upward scan velocity and 6 is the angle between
the positive direction of U and that of Ur vector (Fig. 3.16). There-

fore, the number of fringes crossed by a particle is

N, = — = P (d/ax) cos (6 + ¢ - ) (3.14)
t (pr + vs)

which can be represented in non-dimensional form as:

px) | cos(e + ¢ ) (3.15)

d [1+ (Vgru,, )20

N ax | 1 - (Ug/V )V /U
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For each fixed upswing scan velocity, the ratio Uf/VS is a constant
number and the right hand side of the previous equation is function of
Vs/upx and ¢. Note that the Eq. 3.13 reduces in the 1limit to the
stationary measurement volume as vs/pr goes to zero.

From a practical point of view, the maximum number of fringes
crossed by a particle is of interest and can be derived by setting the
cosine term in Eq. 3.15 equal to -1, which physically means that the
particle passes through the center of the measurement volume. Figure
3.16 shows the maximum value of NS AX/d versus pr/VS for three values
of Uf/vs ratio. The arrows on each curve show the extremes of the
pr/VS parameter at the streamwise location of 4}6.9 cm in the wind
tunnel. The maximum number of fringes crossed by a particle decreases
as the scan speed is increased (low values of Uf/vs)'

THe maximum number of cycles per signal burst used by the
counter type processor in this work is 32. This simplified model was
used to insure that there was a sufficient number of fringes crossed by
a particle for various scan speeds and flow velocities in the boundary
layer. For example, with a maximum streamwise velocity of 17 m/sec, a
fringe spacing of 3.1 um, a fringe velocity of 47 m/sec, and a small
effective streamwise measurement volume dimension of 3/4 mm viewed by
the slit; a particle will cross no more than 32 fringes with an upper
limit scan speed of approximately 200 m/sec, which is much greater than
used here. To use a higher scan velocity and still obtain a sufficient

number of fringe crossings, a higher Bragg cell frequency could be used.




50

3.5 Velocity Bias Consideration

According to velocity biasing analysis of McLaughlin and
Tiederman (1973), the data rate in a "pointwise" LDA system is
proportional to the magnitude of the instantaneous velocity vector U.
Therefore, the velocity amplitude probability distribution is biased
tewards higher velocities. Likewise, the data rate in "scanning" LDA
system, in which measurement volume jtself moves, is proportional to the
magnitude of the instantaneous "relative" velocity of the fluid with
respect to the measurement volume Ur.

Based on the refined biasing analysis of Buchhave et al. (1979),
the percentage biasing error decreases as the parameter Q and/or o/U
decreases. The Q parameter is the ratio of the minimum number of zero
crossings required for a valid measurement to the maximum number of
fringe crossings available, and o/U is the ratio of the RMS of the
velocity fluctuations to the mean value.

One can use the results of the percentage biasing error
mentioned in Buchhave et al.(1979) to have an estimate of the biasing
error in the present scanning system, but one should note that the mean
"relative" velocity of the fluid with respect to the measurement volume,
Ur’ should be used instead of the mean flow velocity, 0, in the
o/0 parameter. For a given o, using Fig. 3-5 of Buchhave et al. (1979),
one can see that the biasing error decreases using scanning LDA, in
comparison with the pointwise LDA, considering the fact that the mean
relative velocity of the fluid with respect to measurement volume
(scanning) is always greater than the mean velocity of the fluid
(pointwise), 0. It is interesting to note that the biasing error

decreases as the scan velocity is increased.
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Finally, since the required number of zero crossings for a
frequency measurement is 32, and the effective total number of f.inges
available is about 300, the Q factor mentioned above is almost 0.1, and,

therefore, the directional dependence is very weak in this work.
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CHAPTER TV
DATA ACQUISITION AND PROCESSING

Ideally, in a scanning laser anemometer system one needs to know
the exact position of the measurement volume at the time when a "vali-
dated" velocity measurement is detected. The data acquisition and
processing described in this chapter was a choice based on available
facilities in SMU. It might not be the best approach for a scanning LDV
system, but it was found to be quite adequate {Durst et al. 1981).

4.1 General description

As mentioned, the "ideal" technique is to sample both position
voltage output of the scanner driver (a sawtooth waveform) and the valid
frequency (or velocity, see Eq. 3.3) measurements from the analog output
of the counter processor simultaneously. The whole process could be
triggered via "data ready" output of the counter which sends a pulse
every time a new measurement has been validated.

Since the HP-98258 computer used in this work cannot be pro-
grammed in assembly language and HPL language is not fast enough to
switch and sample position as well as counter output from two A/D
convertors, a different technigue for data acquisition than the "ideal"
one was used.

It is worth mentioning that the switching process from one A/D
converter to the other using a HPL command takes on the order of 5 msec.
With 15 Hz scanning, using scanner internal sawtooth generator, the scan

velocity for the ramp part of the signal is about 5 m/sec. Hence,
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during this switching time the measurement volume will translate by
about 25 mm., This causes two problems: firstly, it practically elimi-
nates the validated signals during the switching time; secondly, posi-
tion ambiguity occurs.

The retrace part of the sawtooth position waveform was not used
for processing due to its poor linearity. The symmetrical waveform is
probably preferred for the external control of the scanner driver, since
one can acquire validated signals from the counter processor, both when
measurement volume scans upward and downward.

Considering the aforementioned problems, the counter processor
analog output has been added to a "marker" signal (stretched SYNC pulse
in Figs. 4.7 and 4.10), which marks the end of each upswing scan and was
fed into a fast analog-to-digital (A/D) converter. The computer can
acquire this signal (output of A/D) as fast as 10,000 samples a second.

It should be emphasized “hat the computer does not sample each
time a validated counter measurement is available, and for this reason,
some memory locatijons will be wasted. Data processing relies heavily on
the linearity and repeatability of the upsweep section of the internal
sawtooth generator used by the scanner drive control unit (Brosens,
1976). This will be discussed in more detail later in this chapter.

4.2 Counter Type Processor

As mentioned in section 3.1, the scattered light from particles
passing through the measurement volume is detected by a photomultiplier
which will look like Fig. 4.1. The low frequency variation corresponds
to the passage of each particle through one or other or both intersect-
ing beams, and the high frequency represents the passage of a particle

through the fringes.
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The TSI Inc. Counter, Model No. 1980, is used for finding the
high frequency component of the signal (Doppler frequency) which is
proportional to the velocity of the particle (Eq. 3.1). The signal
conditioning section of the TSI counter consists of a signal amplitude
1imit control which eliminates the large amplitude signals generated by
large particles which are not following the flow, low and high pass
filter to remove the low frequency variation and noise respectively,
Fig. 4.1, and finally an amplifier with adjustable gain.

Zero crossing technique is the basic principle of operation used
for finding the Doppler frequency. The zero cross voltage level is
fixed to +50 mv and the signal amplitude can be varied by the gain
control of the amplifier. The analog output of the counter is a voltage
proportional to the Doppler frequency which in turn is related to flow
velocity Vthrough Eq. 3.3. This analog output is used for all data
acquisitions in this work. The counter holds the output voltage of the
validated measurement until the next one occurs, and it measures the
time for N cycles and compares them with that of N/2 cycles. A division
is actually performed so that it is a true percentage comparison which
can be set via a dial on the counter.

Figures 4.2 (a) and 4.2 (b) represent the typical signals
observed on the oscilloscope using baby powder as seeding agent while

scanning.
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W (2)
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voLTS} (b)
A TIME

Fig. 4.1 Characteristics of Electrical Signal.
(a) Signal from photomultiplier tube.
(b) After high-pass filtering to
eliminate dc pedestal.
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4.3 Position Calibration of the Measurement Volume

One needs to know the position at which a validated measurement
occurs. For this purpose, the scanner driver has a position voltage
output (sawtooth) which is proportional to the position of the measure-
ment volume and can be used for calibration.

A special black paper target having 15 holes of lmm diameter
and 25.4 mm apart vertically is attached to a stable frame such that the
first hole is 25.4 mm from the tunnel floor. A white piece of paper is
attached behind each of the holes to scatter light as laser beams pass
over.

The calibration procedure starts by locating the paper target in
the position where the velocity profile is needed such that the measure-
ment volume scans through the holes on the target. The same receiving
optic arréngement is used for calibration, and as the measurement volume
passes over each of the holes a pulse is generated by the PM-tube.
Since the pulses on the retrace are not desirable, a low pass filter is
used to attenuate and finally eliminate them via a comparator (Fig.
4.3). Hence, only pulses corresponding to the ramp section of the posi-
tion voltage output of the scanner remain after the comparator. The
combination of an inverter, a comparator, and one-shot, (see section
4.4.1) make the pulses look like Fig. 4.3 (G). This signal is used to
trigger an A/D converter externally in order *to sample the position
voltage of the scanner. The HP 9825 computer acquires the sampled
position voltages.

The software written for the calibration acquires 50 ~cycies of

consecutive scans of the measurement volume and computes the linear
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[L__ow Pass Comparator
ilter
: Inverter One—Shot
B L¢ C D 9 @)
PM~Tube
, HP98258
A/D
Scanner A
Position
Output
E Volts A
L Time
/ B = - i X t
E
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1 (N

Fig. 4.3 _Beam Position Calibration for Scanning LDA.
(a) Electonic equipment arrangement.
(b) Typical signals. Lables correspond to

points on (a).
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Fig. 4.4 Effect of the Scan Range Shift(c) on the

Waveform(a) and on the Calibration Line(b).
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least square fit through the sampled position voltages. Therefore, one
has a linear relation between the position voltage output of the scanner
and the position of the measurement volume.

It was found that the scan range, once set by the scanner
driver, remained constant; but the whole scan range shifted either up or
down, Fig. 4.4 (c). As far as calibration is concerned, this scanner
"shift" does not have significant effects either on slope or on inter-
cept of the calibration line and has been confirmed experimentally. It
will, however, cause problems in determining the position corresponding

to each computer-sampled point which is discussed in section 4.4.2.

4.4 Data Acquisition

This section is divided into two parts. The first part is
devoted tb the description of the special circuitry made for the acqui-
sition, called "pulse marker", and the second part deals with the data
acquisition logic and procedure.

For more clarity in the logic and procedure of the acquisition
and processing, the reader is encouraged to refer to the key Figs. 4.7
and 4.10 frequently.

4.4.1 Pulse Marker

The circuit diagram of the pulse marker is shown in Fig. 4.5.
A dual amplifier is used as voltage follower to have high input imped-
ance and to prevent loading of the equipment from which signals are
taken.

As can be seen, the diagram has basically two branches which are

= TR o DR ks - el e
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Fig. 4.6 Timing Diagram of the Pulse Marker.
Letters on the signals correspond to
points shown in Fiqg. 4.5.
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added together to construct the output. Typical operation of the pu1se
marker which is closely related to its actual one in data acquisition is
explained in Fig. 4.6.

Signal "A" in Fig. 4.6 is available by the scanner drive control
called SYNC pulse and always occurs at the sare location shown in that
figure. The purpose of the lower branch in the pulse marker circuit
diagram is to generate a variable pulse width controlled via a capacitor
box (Fig. 4.6 b).

In data acquisition, the input signal (c) in Fig. 4.6 is the
analog output of the counter processor. The voltage variation of the
countgr analog output for the settings used in the data acquisition was
within 3.5 + 1 volts. Since better voltage resolution (.0005 volts) was
available working on + 1 volt operation range of the fast A/D converter,
the uppef branch of the pulse marker circuit was added to shift the
input signal (c) by an appropriate value, E, in order to bound this
input signal within *1 volt range.

If the voltage level at "A" in Fig. 4.5 exceeds the adjustable
discrimination voltage, Ed’ then the output of the comparator goes high
and remains there and firully drops to zero (low) when the voltage level
at "A" goes lower than Ed. Theoretically, as far as data acquisition is
concerned, one may not need a comparator; but, it was added since this
same circuit was used for calibration, and this additional feature was

found to be practicable.
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4.4.2 Data Acquisition Logic and Procedure

The whole idea is that if one knows the position calibration
line and the sawtooth position waveform, one can find the position
corresponding to each valid velocity measurement in this scanning
system. Figures 4.7 and 4.10 explain the idea. Step by step details of
the procedure will follow.

As mentioned before, data acquisition relies heavily upon the
linearity and repeatability of the sawtooth position waveform of the
scanner. The knowledge of this waveform is needed for finding the
position corresponding to each piece of computer-stored points (output
of A/D1 in Fig. 4.7). In fact, only the validated ve]octty measurements
that occur during upward scan of the measurement volume are of interest.
Therefore, software was written to sample the‘sawtooth waveform and to
compute the slope, intercept, minimum, and maximum voltage for the
upsweep section of this waveform (statistical analysis). The results of
this analysis showed that the maximum rms of the voltage variations at a
given phase on the upsweep part did not exceed 0.2% of the mean voltage
value in that same phase which represents the repeatability of the
waveform,

Although the shape and the frequency of the sawtooth waveform
are adequately stable, but the whole waveform might shift up or down
either manually or by itself (Fig. 4.8), what it basically means is that
the intercept for the upsweep section of the sawtooth waveform changes
in time. The knowledge of the intercept at the time when each record of
the frequency data is taken would be essentially important for finding
the position corresponding to each frequency data point, see Figs. 4.8

and 4.10.
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The SYNC pulse of the scanner driver can be used to keep track
of the amount of the voltage shift. The voltage corresponding to the
time when SYNC pulse occurs is called "Reference Voltage", Fig. 4.8.
From the statistical analysis of the sawtooth waveform, one has slope,
intercept, and the reference voltage at the time this waveform was
sampled by the computer. The difference between the reference voltages
for each record of the frequency data acquisition (shown as solid line
in Fig. 4.8) and that of the previously known value when the sawtooth
waveform was sampled for statistical analysis (broken line, Fig. 4.8)
determines the correction to the intercept for the upsweep part of the
waveform.

To summarize, the first step in the data acquisition is position
versus voltage calibration; the second step is_the statistical analysis
on the scénner sawtooth waveform; and, finally, the third step is the
acquisition of the frequency voltage from the counter. Figure 4.7 shows
the block diagram for the final step of the data acquisition.

In Fig. 4.7 the voltage output of the LDA processor (TSI coun-
ter), which is proportional to the Doppler frequency or velocity of the
particles (fluid), is shifted by the pulse marker (to be within + 1
volt) and is added to the marker-pulse (Figs. 4.6 and 4.10). It is
important that the pulse width of the marker-pulse be greater than the
period of the pulses used for sampling in A/D 1 (section 4.5).

The final phase of data acquisition starts by acquiring 100
samples from the reference voltage, just before the frequency data is
acquired,~ using A/D2 with SYNC as its sampling pulse (Fig. 4.7), then
switching to the A/D1 to acquire a single record of 17500 points, with a

controllable sampling period (pulse generator) of Tex and, finally,

t’
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Fig. 4.8 Shift of the Sawtooth Waveform.
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switching back to A/D2 and to acquire another sample of the reference
voltage, see Fig. 4.7.

The average of the reference voltages sampled in the beginning
and at the end of each record was used for data processing and monitor-
ing purposes. The difference between this average reference voltage
(when this record of frequency data is taken) and that known when
statistical analysis on sawtooth position waveform is done (in second
step of acquisition), determines the intercept correction in Figs. 4.8
and 4.10. Every pulse of the pulse generator, Fig. 4.7, triggers a new

conversion cycle for the fast A/D converter which lasts 50 psec. Hence,

the period of the pulses, Text’ cannot be less than 50 psec. The choice

of sampling period is essential both in the acgquisition and processing
of the data. Here, this choice of sampling period is discussed briefly
in regard.to the position uncertainty in this work.

Figure 4.9 (a) shows a short portion of the output of the pulse
marker (see Fig. 4.10 c) which has been digitized by the A/Dl. Pro-
cessing logic in this work accepts the sample number 2 as the time when
particle passes the measurement volume, while in reality the particle
passed the volume sometime earlier. The maximum error in time when the
particle crosses the intersection point of the two laser beams is equal
to Text'

If the measurement volume scans a length equal to R mm with
frequency of fs using sawtooth internal generator of the scanner, then

the distance travelled by the measurement volume, AYR, in the time

interval of Text is (Fig. 4.9 b):

AYR = [R/(l-TR/TS)] fs Text (mm) (4.1)

#
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Particle passes
measurement Volume Counter

,~~ Output (fig.410C)

_ . __Time
Digitized by
Toxt Computer A/p 1
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Fig. 4.9 (a) Short Time Representation of the Output of
the Pulse Marker Qutput in Fig. 4.8.

(b) Nomenclature Used on the Waveform.
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Table 4.1 Distance travelled by measurement volume (AYR) during

sampling period of T for various scan frequencies

ext’
(f,) with scan range of 30.5 cm(=R).

Text usec
100 200 300 400 500 600 700 800
fS-Hz . o
AYR - mm
‘ e
6 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
10 0.3 0.7 1.0 1.3 1.7 2.0 2.3
15 0.5 1.0 1.5 2.0 2.5 3.0
20 0.7 1.3 2.0 2.6 3.3
30 1.0 2.0 3.0 4.0
50 1.6 3.3 5.0
60 2.0 4.0
70 2.3

For any arbitrary scan range, L-cm, one can use the above table with the

correction equation AY = AYR(L/R).
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The value of 1 - TR/TS is .921 for 15 Hz frequency of scanning
and remains fairly constant for the wide range of frequencies (Fig.
4.9 b).

Table 4.1 shows the distance travelled by the measurement volume
during sampling period for various scan frequencies and sampling per-
jods, Text (R is taken as 30.5 cm.). Since the beam diameter is
approximately 2 mm, the Text for each scan frequency is chosen so that
the position uncertainty, due to measurement volume movement, becomes
less than the beam diameter. Hence, before the beginning of the final
stage of data acquisition, one should make an appropriate decision of a
value for the sampling period. There is another important determining

factor for the value of Tex which will be discussed in section 4.5.

t
4.5 Data Processing

4 e 3 i e

ngure 4,10 shows the details of the processing. The reference
voltage for each data record, section 4.4.2, is used to find the cor-
rection on the intercept for the ramp section of the sawtooth waveform
for each particular record (Fig. 4.10). Note that the reference of
time for calculating the slope and intercept for the upsweep part of the
waveform is taken at the lowest voltage of the scan on the ramp.

The height of the marker-pulse (stretched SYNC pulse, Fig.
4.10) is such that it always exceeds the saturation voltage level (+1
volts) of the A/Dl. This pulse marks the end of each upswing scan cycle
which is digitized and stored by the computer. For this reason, the
width of the marker-pulse must be slightly greater than Text to insure
that the A/D1 samples at least once on the marker-pulse.

Data processing program starts by scanning backward in time

through the stored record searching for the sampled marker-pulses and

s




F 72
VOLTS
E UPSWEEP
'Tnn%
1 \\ x -
E SYNC
(b)
I —t
SATURATION VOLTAGE T
OF A/DY1 N [
' ' (c)
El TSk stretched SYNC |
— Ll
l . = REPAL =
_,__[_L_J || I‘F‘
IR S:7tgrt of
. E
Calibration line E EA : : : il A/D
}
._.-__T‘_____.:_.___..':'._L:T_T": ]
" __’:__._"—::—‘)“//
A
— Time
~F- ty
T Bin i CorrPltion for .. Text. _
inﬁeﬂtczept Sampling period
e 1
(d) Valid measurement (e) A/D

in Bin i

Fig. 4.10 Data Acquisition and Processing Logic and Signals.

(a) Internal sawtooth waveform of scanner.
. (b) SYNC pulse from scanner.

(c) Sum of the analog output from counter processor
and the stretched SYNC pulse(Marker-Pulse).

(d) Scanner voltage vs. position(Calibration Line).

(e) Sampled data points from(c) with corresponding
position voltage on the linear least-squre fit
waveform.

AP

PR )

>
-



73

"(daamsdn uo A{uo) ejeq |njasp ay3 buturejuog
PA033Y MaN JO uoljeau) burmoys weuaberq dtjewdayds 1y ‘64

335} mon (2000 20000000 k0240 0

i t/ \/ \/ \1\




74

creating a new record by eliminating the sample points on the retrace of
each and every cycle in the record. In this new record, there is an
indicator for the beginning of each upswing scan which at the same time
represents the end point of the previous scan cycle, see Fig. 4.11,

One knows the corrected intercept, slope, the time corresponding
to the maximum location of scanning (td in Fig. 4.10), and the sampling

period, (T from data acquisition process. Therefore, one can

ext)
determine the position corresponding to each computer-stored point
(output of A/D 1) by using calibration 1ine as shown in Fig. 4.10.

The total scan length is divided to a certain number of position
"bins". The processing program searches through the computer-stored
points for validated velocity measurements in each bin by finding the
voltage difference of the two consecutive samples, AE. If the absolute
value of.this difference is greater than a certain number, then the
sample which occurred later in time is taken as the valid velocity
measurement 1in that particuiar bin. Note that since velocity and
Doppler frequency for a particle are related, thus the terms velocity
measurement or frequency measurement are equivalent in this context.

Since the voltage resolution of the A/Dl is .0005 volt, the
absolute value of the voltage difference (|AE|) mentioned above should
be greater than this number. In fact, it was found experimentally that
the |AE| must be greater than or equal to 0.005 volt and less than 0.01,
in order to pick the true validated velocity measurements. Note that
the 0.005 voltage difference corresponds to approximately + 0.061 m/s,
using a 3.1 ym fringe spacing.

At the final stage of the data processing program, all of the

validated velocity measurements for each "position bin" are used in
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computing mean and RMS values for that particular bin. Furthermore,
program prints out the number of valid measurements for each bin which
is used for computing the data rate distribution (chapter V).

From the data processing logic, it is obvious that at Teast two
computer-stored points are needed to determine a single validated
measurement in each position bin (see Figs. 4.9 a and 4.10 d). If one
wants to have greater than or equal to "S" number of computer data
samples in each "position bin," then the sampling pulse period, T

ext?

must be

Text < (.921/5)(TS/Nb) . (4.2)

where TS is the period of sawtooth scanning waveform, and Nb is the
total number of position bins in the scan range (section 4.4.2). So the

T should be chosen such that to minimize the position uncertainly as

ext
well as satisfy equation 4.2,
Table 4.2 represents the maximum Text ailowable in order to have

at least three numbers of computer data samples in each position bin.

4.6 Static and Dynamic Check of the Entire System

Due to the lack of availability of the appropriate equipment,
the data processing as explained in previous sections is somewhat
complicated. Therefore, a test procedure was needed to check the proper
operation of the whole system including the softwares.

b There are two tests called static and dynamic checks. The
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Table 4.2 Maximum sampling pulse period allowable in order to have
3 (=S) computer samples in each position bin using 30

(=Nb) number of position bins in scan range.

fS-Hz ' Text-usec

6 1700
10 1000
15 682
20 " 512
25 409
30 292
40 256
50 205
60 171
70 146
100 102
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static test has a two-fold purpose of voltage calibration as well as
testing the system. The terminology of "static" and "dynamic" will be
explained by the procedure of each test.

The static test procedure is to follow all the steps of data
acquisition and processing but using a constant voltage from a DC power
supply, instead of the TSI counter, as shown in Fig. 4.12. The input
voltage is measured by a digital voltmeter (DVM).

The end result of the processing is the mean voltage for each
position bin of the scanning which must remain the same for all position
bins. The entire procedure could be repeated for various fixed input
voltages and a voltage calibration line be derived. Figure 4.13 shows
such a calibration line which later is incorporated in the data process-
ing program.

THe second test on the entire system uses the position waveform
of the scanner, as the simulated TSI counter output, as shown in Fig.
4.14; and for that reason the test is called a dynamic test.

As the data processing logic works, see Fig. 4.10, if the
software is to follow the logic, then one should not cnly obtain a line,
if a plot of the mean value for each position bin versus position is
constructed, but this line should represent the ramp section of the
sawtooth waveform.

Figure 4.15 shows the results of such a test. The solid line
represents the result taken from the statistical analysis on the wave-
form, see section 4.4.2,

4.7 Position and Velocity Uncertainty

In sections 4.4.2 and 4.5 concerning data acquisition logic and

processing, it was referred that the major position uncertainty was due

REEEE SRVEED 4 T

S v



78

"Wwa3sAS 8yl JO 1S3 DL3e3S U0y wedberg yoolg zLtty cHLd

wJojasem uoljlsod yjooimeg

a5z864m ¢aNv

LY

-9s|nd Buldwes 103 DNAS

uxm._. :poliad
Buldwes
10} Jojeiauab asiny

1d)iep asind
gszeban]_ ' WV e > L.
1aauQ
A Jauueog
’ WAQ
induy
3
A\ddns

Jamod 0Q

L e




Eoutput OF THE ENTIRE SYSTEM:vQLTS

79

4.0 } *
[
35} ¢
[ ]
®
.
30¢F
..
251 I \
2.5 3.0 3.5 4.0
input ; volts

Fig. 4.13 Static Calibration of the Entire System.

-

—




80

w33sAS 9yl JO 353 oLweukq 40y weaberq yoo|g pl vy "bi4

wiojeaem uolylsod yjooymeg

a5z864dH]

ca/y \_

g5286dH

- asind Buidwes 105 ONAS

X3 ‘pouag
Buljdwes
doj lojelsuab acing

1Mie 9s|hd

} O/ L

19A1Q
lauueds

ndui




AD-A130 923

UNCLASSIFIED

SCANNING LASER DOPPLER ANEMOMETER AND [TS APPLICATION
IN TURBULENT SEPARA..{U) SOUTHERN METHODIST UNIV DALLAS

TX DEPT OF CIVIL AND MECHANICA.. B CHEHROUDI ET AL.
JUL 83 SMU-WT-7 NOOO14-79-C-0277

22




- N
p IN
o«
T
HN
n

ll

=
22 i e

&5

0w
== & i mz.z
—— lI: m =
1l :‘E' T mz.o

=

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS = 1963~ 4



S Kl 2 3 "

Einput; voits

Fig. 4.15 Dynamic Test of the Entire System.

Solid line is the calibration line from
Fig. 4.10 .

- e~

81




82

to the techniqgue used for determining the position corresponding to each
counter validated velocity measurement (Fig. 4.10).

Table 4.1 shows the maximum position uncertainty associated with
aforementioned processing technique in millimeter. Since the processing
program accepts the point No. 2 in Fig. 4.9 (a) as the time when
particle passes the measurement volume, therefore, one has the true

position where the particle crossed the fringes as:

AY

Ytrue = Y2 +.d/2 - (4.3)

Where Y2 is the position corresponding to the point No. 2 in Fig.
4.9(a), d is the beam diameter, and AYR is given in Table 4.1. Accord-
ing to the uncertainty analysis of Kline and McClintock (1953), in all
of the experiments in this work the Text in Table 4.1 is chosen such
that the maximum position uncertainty due to measurement volume movement
is less than the beam diameter. Hence, the dominant uncertainty would
be due to the Targe beam diameter itself.

Another source of position uncertainty is due to the fact that a
linear least square fit to the ramp upsweep of the sawtooth waveform is
used which even for high scan frequencies (60Hz) does not exceed 1 mm,
and therefore is negligible,

The uncertainty due to velocity is mainly associated with the
counter processor. The counter measures the time for 32 cycles and
compares this time to that of 16 cycles. The comparison is done on the

frequencies caiculated based on 32 and 16 cycles by actually dividing
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the two numbers. The comparison limit can be set on the counter from 1%
to 20% discrepancy between the two values. The equation that determines
the velocity can be derived using equations (2.1) and (3.1)

& po10fy c (ax 108 = (4.4)

(15.2 x 10
in which f is the Doppler frequency measured by counter in MHz, Ax is
the fringe spacing in micron, and U is the instantaneocus streamwise
velocity in m/sec.

In equation 4.4, an error in the measurement of the Doppler
frequency of =df is equivalent to the velocity uncertainty of +10.2 df
using fringe spacing of 3.1 um. For 1% comparison limit the z=df is
about .150 MHz, meaning that the associated velocity uncertainty is at
most *.45 m/sec.

The TSI counter uses a 250 MHz clock to measure the frequency.
Therefore; uncertainty due to *1 count ambiguity, Durst et at. (1976),

is almost +.05 m/sec for maximum forward flow, which is negligible

compared with the comparison uncertainty of * .45 m/sec.




CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Mean and RMS Values Using Scanning LDV

There were several questions raised concerning the operation of
this new deéign: 1. Is this system reliable for any velocity measure-
ment? 2. What is the maximum scan frequency achievable in this design?
3. What are the limitations? Therefore a series of experiments were
made in an attempt to answer the above fundamental questions.

For comparison purposes, in all of the experiments the results
of the pointwise measurements using the same scanning LDA setup are
compared with that of scanning data for various frequencies in a turbu-
lent separated flow generated in the SMU wind tunnel.

Figures 5.1 and 5.2 show mean and rms velocity profiles for each
position bin and for various scan frequencies. In each case the total
record consists of several number of smaller data records taken during
experiment; the total record time in previous figures for each frequency
was at most one minute., The boundary layer thickness for Figs. 5.1 and
5.2 is about 35 cm. Consequently due to variation of the vertical
distance of the turbulent-nonturbulent interface and the fact that much
of the baby powder remains inside the turbulent boundary layer, the mean

values are biased near Y = 25 cm, besides, the particle concentration
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Fig. 5.2 RMS of the Velocity Flactuation for Various
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For legend see Fig. 5.1 .
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According to Yanta and Smith (1973) taking a flow with 5% Tevel
of turbulence, a sample size of 166 is necessary to obtain a .99%
confidence level that the experimental mean differs from the true
population mean by less than 1%, But for population's standard devia-
tion, 3150 sample size is required for a confidence level of 95% and an
error of 2.5%. The fact that one needs larger sample size for standard
deviation than the mean, can also be seen in a work by Bates and Hughes
(1976), in which they concluded that for sample size of 3500 and above,
the turbulence intensity shows no variation with sample size. One can
see, in their work, that, with sample size of 500, the errors for mean
and tqrbu]ence intensity are in the order of 4% and 22% respectively,

The maximum number of validated counter measurement for each
position bin in Figs. 5.1 and 5.2 does not exceed 350. Near the wall
and edge.of the boundary layer, data rates are low; therefore, one has
smaller sample size for corresponding position bins, which, in turn,
means higher percentage error. Despite that, good agreement exists
between the mean values, Fig. 5.1, up to a scan frequency of 59 Hz (scan
speed of 19 m/sec.)

One should consider that as the measurement volume scans with
this rapid velocity through the highly turbulent separated flow the
counter processor receives variable signal-to-noise (SNR) ratio signals
due to measurement volume movement and from variations in seeding
density and/or particle size. Orloff et al. (1974) also reported these
effects.

The rms of velocity fluctuations shows more scatter, but is
within measurement uncertainty (section 4.7); and as mentioned before,
one reason is due to insufficient number of validated counter measure-

ments in each bin (small sample size). This is especially seen for the
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position bins corresponding to the extremes of the scanning range.
Better results were taken by proper focusing of the image of the mea-
surement volume on PM-tube and increasing the sample size (Figs. 5.3 and
5.4).

Once the proper operation of this design was established, the
system was used to survey the flow in the SMU wind tunnel. Figures 5.3
and 5.4 show the mean and rms of the velocity fluctuations at four
different streamwise locations in the wind tunnel, using scanning LDA,
as compared with those of pointwise velocity measurements (using the
same scanning arrangement). The sample size for each position bin does
not exceed 600, and for this reason, all of the pointwise measurements
are with sample size of 500 to compare with those of scanning data.

Figure 5.5 shows the intermittency factor, ¥ the fraction

pu’
of time wﬁen flow is in the main stream direction, for three streamwise
stations in the wind tunnel (using the same set of data as Figs. 5.3 and
5.4). Reasonably good agreements are seen except very near the wall.
For x = 317.5 cm, intermittency factor is 1 throughout the boundary
layer.

If one divides the total number of valid velocity measurements
in each position bin to the total time that the measurement volume
spends in that bin for the entire record, Ttb’ one will have an idea of
the data rate and/or concentration throughout the boundary layer.
Figure 5.6 shows the result of such a parameter for four stations in the
wind tunnel. It is clearly shown irn Fig. 5.6 that the data rates (or

sample size) for position bins in the extremes of the scan range are

very low, One can increase the data rates by increasing the baby powder

e s - A ———  mho e § A
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Table 5.1 Legend for figures 5.1 to 5.6
x-Location Scan frequency Counter amplifier +Ttb
cm.(in.) fs- Hz. gain- dB sec.
317.5 (125) 55.7 2.3 o 2.26
355.6 (140) 56.6 3.3 ¢ 2.76
396.2 (156) 58.6 3.5 A 1.07
436.9 (172) 58.2 3.9 [ | 1.40

Corresponding pointwise measurements using the same scanning set-up with

sample size of 500 each.

®)

+Ttb is the total time spent by the measurement volume in a bin.
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concentration and/or increasing the gain of the counter amplifier.
However, there is an optimum state that if one increases the gain it
will amplify the noise. This can practically be detected by the depar-
ture of the mean velocity profile found by scanning from the 'true'
profile. On the other hand, if one increases the baby powder concen-
tration above certain level, it either saturates the PM-tube and/or
increases the noise. In all of the experiments reported here in the

scanning mode, the following fixed settings are used:

Laser Power : 600 mw
PM-tube Voltage : -1690 volts
Average baby

powder concen-

tration : 33 mg/m3

The scanning system is very sensitive to the gain of the counter
processor amplifier, and for each experiment its value in dB is written
on the Table 5.1.

As shown in Fig. 3.12 section 3.2.3, the scanner position
waveform remains linear up to 156 Hz (there was no attempt to examine
its linearity for higher than 156 Hz.), and there is no mechanical
problem. However, as one increases the scan frequency, one should
ensure that there are enough number of fringes crossed by the particles.
If using the processing technique explained here, one needs faster A/D

and computer, see section 4.7.
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5.2 Some Characteristics of the Flow Field in this Work

Table 5.2 shows the boundary layer integral parameter at the
same four streamwise locations using pointwise measurements shown in
Figs. 5.3. Flow is completely attached at x = 317.5 cm, and intermit-
tency factor, Ypu’ is 1 throughout the boundary layer.

To show that the flow is well behaved in this work, results
taken at x = 317.5 cm are compared with the mean velocity correlation
suggested by Perry and Schofield (1973) for strong adverse pressure
gradient turbulent boundary layers. Figure 5.7 shows the results of the
non-dimensionalized velocity versus normalized position in which solid
line is the corre]ption suggested by Schofield (1980)

u -0

-

= 1-0.4 (y/a)} - 0.6 sin [(n/2) (y/8)] (5.1)

.US
where Us 1is a scaling velocity and A is an integral layer thickness

[ = 2.86 8 (UN/US)]. At this station US/Uon was calculated to be .99.

The spectrum function F(n) of uZ? is defined as

u? d/~ F(n) d n = u? (5.2)

or in other form:

©

Uf./[ nF(n) d (In r) = u? (5.3)
0

where n is the frequency in Hz. The spectrum function F(n) was obtained

at four streamwise locations for You z 1 using hot wire anemometer. The
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Table 5.2 Boundary layer integral parameters

x-cm (in) 6.99—cm. §,-cm. §,-cm H
317.5 (125) 10 3.99 1.67 2.39
355.6 (140) 15 8.34 2.30 3.63
396.2 (156) 24.5 14.96 3.11 4.81
436.9 (172) 32.5 19.23 2.99 6.43

B = Bt~ St i
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spectra shown in Fig. 5.8 are smooth lines drawn through the experi-
mental curves. The frequency corresponding to the maximum of the curves
in Fig. 5.8 (nmax) shifts towards the lower frequencies as flow enters
the separation zone, This means that the large-scale energy-containing
eddies grow in size in separated region. In addition, the average
frequency characteristics of the large energy-containing eddies in the
separated zone is seen to be in the order of 15 Hz. Hence, on the
average, with 60 Hz scan frequency, one has four scans through these
eddies which may reveal more information about their structure.

5.3 Quadrant Analysis and Space-Time Correlations

The qualitative investigations by Simpson et al. (1981) showed
that for the case where the thickness of the backflow region is small
compared with the turbulent shear-layer thickness; the backflow region
is suppi{ed locally by outer region large-scale structures. The scan-
ning LDA system used here can be useful for this kind of investigation
provided "adequate" data rates are achievable. The quadrant analysis
and space-time correlation measurements are attempts toward this goal
using scanning LDA.

Since the maximum number of validated measurements, for a given
scan, in this work was not more than 20, one needs to break the scan
range into few intervals, Fig. 5.9, to be able to perform any quadrant
and space-time correlation analysis.

A point in a quadrant plane shows the departure of the instan-
taneous streamwise velocity from the corresponding mean value in a given
interval, Fig. 5.9, versus the same departure for another interval in a
single scan of the measurement volume (U-U). Figures 5.10 to 5.16 show

the results of quadrant analysis wusing all scans in a data record for
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the streamwise location of 396.2 cm. The number of points in each
quadrant is written in the corresponding quadrant, and the normalized
space-time correlation is written in the parenthesis in the first
quadrant, The logic in the quadrant analysis program examines, first,
for any valid velocity measurements in the interval on the abscissa of
Figs. 5.10 to 5.15. If there is any, then the program searches for
valid measurements on the same scan in the interval on the ordinate, and
only if there is at least one, then points are marked on the quadrant
plane and are also used for correlation calculations having zero cycle
delay. The same logic is used for measured velocities in two intervals
having a pre-chosen number of cycle forward delay, see Fig. 5.17, in
space-time correlation calculations.

As it is shown in Fig. 5,17, one can fjnd space-time correlation
coefficieﬁt between measured velocities in intervals 1 and i for the
same cycle throughout the entire record (zero cycle delay), or corre-
lation coefficient between velocities in the aforementioned intervals

having any desired number of forward-cycle delay. Theoretically,

space-time correlation for two positions having 7 = time delay is
defined as:
to + T
1 ( ) . ou( )
_ - . u(y,, t' u(y., t'+t)dt'
Ruu(yi }’1,1) r 1 Tllm 1 1

lue(yl,t) © ul(y,at) ts (5.4)

R L
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For intervals information see Fig. 5.9 .
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In this work, Ruu (yi—yl,r) is estimated (Fig. 5.17) according to the

following equation:

D uly 28Y,/2,t) * uly,2aY./2,t+)

Ruu(yi_yl’T) = ; (5.5)
2
[Euz(yltAYI/Z,t) : Zuz(y].tAYi/Z,tﬁ)]
m v
In which 1 = — + for m cycle of forward detay, see Fig. 5.17,
fs Yy

summation is taken over the entire record. In Eg. 5.5, YiiAYi in the
argument of (u) means that the value of this argument is between
Yi - AYi/Z and Y; + AYi/Z.

In all of the space-time correlation reported here, a fixed
interval near the wall was chosen against various intervals in outer
region of the bcundary layer for a pre-chosen number of forward-cycle
delays to investigate the influence of these two regions on each other
(quadrant analyses are for zero cycle delay only, Fig. 5.17).

The uncertainty of the space-time correlations was estimated by
a comparison between the auto-correlations found using the scanning LDA
velocity data and a fixed measurement volume experiment at y/é = .5
where maximum data rate was available, see Figs. 5.9 and 5.6. As it is
shown in Fig. 5.18, the departure of the scanning results from that of
the fixed measurement volume data increases as the number of forward-
cycle delay and/or interval thickness is increased. For this reason,
only results up to four cycle forward delayed is reported here. The
uncertainty on space-time correlations for scanning results was esti-

mated to be #0.1 from the values calculated using Eq. (5.5).
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The interpretation of the quadrant analysis is that when flow is
greater than the mean near the wall (interval 1), then approximately
75:5% of the time flow is greater than the corresponding mean values in
the central region of the boundary layer as well (Fig. 5.12, 5.13,
5.14); and when flow near the wall is less than the mean (larger back-
flow), then about 60 5% of the time flow is greater than the mean in
the outer region. One can reverse the argument by saying: given that
the flow 1is greater than the mean in the outer region (conditional
probability), then 64 5% of the time flow is larger than the mean near
the wall using Figs. 5.12 to 5.14.

Space-time correlation coefficients for up to four forwarg-cycle
delay are reported here., Figure 5.19 shows the correlation coefficient
for zero cycle delay at three streamwise locations in the SMU wind
tunnel. As the flow goes towards the separation zone the length scale
(area under the curves in Fig. 5.19) attains values of 3.55 .88 cm, 7.9
+ 1.30 cm, 8.18 + 2.18 cm. This means that the mean size of the eddy
grows downstream which is in agreement with the earlier results from
spectra in Fig. 5.8 considering that the nondimensional parameter
U_/s(nmax) 1is approximately constant (=4.71) for these streamwise
locations. Note that the ratio of the length scale to corresponding
boundary layer thickness is about .35 + .09,

Since there are no correlation coefficient measurements avail-
able in the separated region, it is not possible to critically evaluate
the results obtained in this work. Correlation coefficient measurements
with zero time delay are-available, as reported in a work by Schubauer
and Klebanoff (1951), at 9.7 cm upstream of the separation point using

hot wire anemometry technique. Figure 5.20 is the results of space-time
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correlation coefficients for three different streamwise locations and up
to four forward-cycle delay. The time delay between the two adjacent
points for the zero-cycle-delay case is about 3 msec. (use 1 given in
Ea. 5.5).

The space-time correlations for y/&>.6 are more uncertain
because of the following reasons. Firstly, the data rate is low as it
is shown in Fig. 5.6, and consequently there are not sufficient points
(see Fig. 5.16) for proper convergence, and the total record-time is
short, also. Secondly, due to the variation of the turbulent-nontur-
bulent interface and the fact that the baby powder particies tend to
stay in the boundary Tlayer, the values of correlation coefficients are
high there. Finally, one should note that the correlation coefficients
are between two intervals of finite length, Fig. 5.18, rather than two
points in.the boundary layer. Note that this last problem exists for
the entire space-time correlation calculations in this work. (see
section 5.4).

Despite that, one can see that the correlation between the near
wall region and the outer region decreases as the number of forward
cycle delay is increased. It seems that this correlation remains longer
in time for the streamwise location of 396.2 cm, which is completely
buried in the separation zone, which again is consistent with the fact
that the energy containing eddies grow in size downstream.

Figures 5.21 to 5.23 show the same information as given in Fig.
5.20 but in different format. The points discussed above is as much
physical insight as possible at present with the existing facilities.

Figures 5.24 to 5.28 show the instantaneous velocity profiles as

obtained wusing scanning LDA system. It can be seen that most of the
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valid measurements are in the central third of the boundary layer.
There exist scan cycles in which either there are none or few numbers of
valid data. Therefore, one cannot really deduce any pattern using these
figures. It does, however, demonstrate the ability of having almost
instantaneous velocity profiles if sufficiently high data rates are
achievable,

5.4 Suggestions for Future Improvements and Extensions

Improvements on the system are divided into three parts:

transmitting optics, seeding and signal processing. As for the trans-

mitting optics, one can obtain better spatial resolution if the vertical
dimension of the beams cross-over volume is decreased. One alternative
is to decrease the beam diameter, but as was discussed in section 3.2.1
this means that better quality mirraors are »needed (flatter surface
curvature) so that the two laser beams align perfectly for all the
positions of scanning (Fig. 3.5 c).

Another improvement is to drive the scanner mirror with a
symmetric waveform, preferably sinusoidal, to be able to acquire val-
idated measurements for both upsweep and downsweep scan as well as
having better stability in mirror oscillations. As it was mentioned
before and is obvious from Figs. 5.6 and 5.23 to 5.27, one cannot have
more than a few consecutive instantaneous velocity profiles; and even
then, there are not sufficient measurements in the inner and outer third
of the boundary layer. This problem may be overcome by using stair-step
type waveform which causes the probe volume to reside at several dis-
crete y~locations and therefore increases the chance of having measure-
ments for all the resident positions in a given scan. Note that one

needs to adjust the damping ratio of the scanner control unit to

-
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decrease the overshoot of the step response. A sinusoidal waveform has
one more advantage that it spends more time near the wall and the outer
region than the central zone of the scan range (from probability ampli-
tude distribution). Therefore, the chance of having more consecutive
"instantaneous" profiles would be increased.

The seeding technique used here is quite adequate for mean and
rms value measurements and the only improvement is to increase the
record time which in turn means larger memory area (section 5.1). The
seeder itself, though, needs some improvements to increase its stability
and/or controllability. There are two major improvements on the seeder:
firstly, feed-back control to maintain a constant piston velocity for
stability of the baby powder concentration; and, secondly, variable
speed wirebrush motor for controlability. In the absence of any other
seeding téchniques, the aforementioned improvements on the seeding are
necessary. More investigations on the seeding techniques and seeding
materials are encouraged for any sophisticated flow analysis.

As far as data processing is concerned the counter type proces-
sor was found to be quite adequate for this work despite being very
sensitive to the amplifier gain settings and not having better scale
sensitivity. An automatic gain control would be of some value in this
work as was also mentioned by Orloff et al. (1975). As for the acquisi-
tion technique, it is essential to be able to sample both position and
velocity information simultaneously when the latter is available (can be
found by data ready pulse from the counter). The data acquisition used
in this work was the only choice based on the facilities "available at

the time.
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A transient recorder may be the "ideal” data processing tech-
nique, Ourst et al. (1981), which digitizes Doppler signal from the
PM-tube and the position transducer voltage simultaneously, and is
triggered only when a Doppler burst is available (Bates, 1979). Trans-
ient recorders with sampling frequency up to 100 MHz, suitable for air
studies, are available (see Petersen and Maurer, 1975).

One important advantage of the existing design 1is the possi-
bility of extension so that it could measure streamwise and cross-flow
velocity profiles simultaneously. Figure 5.29 shows the schematic of
the design proposal. The principle of operation for this three beam
system for point-by-point measurement is discussed in a repart by TSI,
Inc. (1983). The two side beams need to be down and up-shifted with two
different frequencies, and path equalization for three beams should also
be considéred.

5.5 Conclusions

A rapidly scanning directionally-sensitive fringe-type laser
Doppler Anemometer (SLDA) which scans the measurement volume perpendicu-
lar to the optical axis of the transmitting optics is described. The
fringe spacing can be easily adjusted from 1 um to 4um. Scan fre-
quencies up to 60 Hz over scan distan-es of 40 cm have been used,
although scan frequencies up to 150 Hz are possible. The maximum
scanning velocity of the measurement volume that can be used is directly
proportional to the shift frequency of the Bragg cell, since each signal
producing particle must cross a minimum number of fringes to produce a
valid signal. Signal averaging oias is Tower with a scanning LDA than
with pointwise rnieasurements. Results obtained for a separating tur-

bulent boundary layer show that good mean and rms velocity prufiles and
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profiles of the fraction of time that the flow moves downstream can be
obtained in less than one minute of data acquisition. Improvements in
seeding and signal processing are needed to further improve the data
rate and permit almost instantaneous velocity profiles to be obtained
for each scan.

Space-time correlations, although with uncertainty band, were
taken for the first time 1in separated turbuient boundary layer and
showed that the length scale for the large eddies grows in size towards
the separation although the ratio of the length scale to the boundary
layer thickness remains constant. Quadrant analysis not too far from
the separation point says that when flow is greater than the mean in the
outer region, then it is most probably greater than the mean near the
wall, too, and vice versa, which represents some degree of coherence
between tﬁese two regions.

The advantages of the SLDA reported here for large wind-tunnel-
flow surveying is obvious if one considers that at each location two-
dimensional velocity profiles are possible in an order of a few minutes
(for better convergence). With improvements mentioned above, one can
obtain almost instantaneous velocity profiles which could reveal more

details of the flow structure.
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